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Abstract. Landscape-scale ﬂuxes of biogenic gases were
surveyed by deploying a 100m Teﬂon tube attached to
a tethered balloon as a sampling inlet for a fast-response
proton-transfer-reactionmassspectrometer(PTRMS).Along
with meteorological instruments deployed on the tethered
balloon and a 3m tripod and outputs from a regional
weather model, these observations were used to estimate
landscape-scale biogenic volatile organic compound ﬂuxes
with two micrometeorological techniques: mixed layer vari-
ance and surface layer gradients. This highly mobile sam-
pling system was deployed at four ﬁeld sites near Barcelona
to estimate landscape-scale biogenic volatile organic com-
pound (BVOC) emission factors in a relatively short period
(3 weeks).
The two micrometeorological techniques were compared
with emissions predicted with a biogenic emission model us-
ing site-speciﬁc emission factors and land-cover character-
istics for all four sites. The methods agreed within the un-
certainty of the techniques in most cases, even though the
locations had considerable heterogeneity in species distri-
bution and complex terrain. Considering the wide range in
reported BVOC emission factors for individual vegetation
species (more than an order of magnitude), this temporally
short and inexpensive ﬂux estimation technique may be use-
ful for constraining BVOC emission factors used as model
inputs.
1 Introduction
Observations of landscape-level ﬂuxes of biogenic volatile
organic compounds (BVOCs) are needed in order to param-
eterize and evaluate the emissions used for regional air qual-
ity and global climate models (Guenther et al., 2012). Es-
timates of these ﬂuxes have been made using several tech-
niques (Greenberg et al., 1999; Guenther et al., 1996a, b;
Karl et al., 2007), including the extrapolation of leaf-level
emissions to landscapes (inventory method), tower-based
surface layer micrometeorological techniques (eddy covari-
ance, relaxed eddy accumulation, and surface layer gradi-
ent methods), and tethered-balloon-based mixed layer tech-
niques (mixed layer gradients calculations and inverse mod-
eling). There are a number of difﬁculties associated with
each of these techniques. For the inventory approach, a large
representative area must be surveyed for vegetation species
composition and the biomass of each species present, and
the emission capacities of speciﬁc BVOC emissions must be
measured, along with the dependence on the environmental
variables that effect these emissions (e.g., temperature and
light). Obtaining representative emission capacities using en-
closure techniques is especially difﬁcult for BVOC emis-
sions that are sensitive to the disturbance associated with
placing enclosures on plants (Niinemets et al., 2011). The
assumptions required for tower-based micrometeorological
techniques generally include a homogeneous distribution of
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emission sources over a ﬂat, horizontal terrain. Most mi-
crometeorological ﬂux measurements are conducted on an
above-canopy, stationary tower that must be constructed and
equipped with chemical and micrometeorological instrumen-
tation. Inverse modeling of emissions requires estimates of
boundary later heights and the major chemical sinks. For
most BVOC, this includes the hydroxyl radical, which is dif-
ﬁcult to measure or accurately estimate. All techniques are
associated with signiﬁcant cost and effort.
MONTES (“Woodlands”) was a multidisciplinary interna-
tional ﬁeld campaign in July 2010 aimed at measuring en-
ergy, water, and especially gas exchange between vegetation
and atmosphere from four representative landscapes in the
MONTES region: a gradient from short semi-desert shrub-
land to tall wet temperate forests in northeast Spain in the
northwestern Mediterranean Basin (Peñuelas et al., 2013).
The measurements described here were performed at a semi-
desertic area (Monegros), at a coastal Mediterranean shrub
land area (Garraf), at a Mediterranean holm oak forest area
(Prades) and at a wet temperate beech forest (Montseny).
BVOC emission models, such as the Model of Emission of
Gases and Aerosols from Nature, version 2.1 (MEGAN2.1,
Guenther et al., 2012), predict large differences in BVOC
emissions from the four MONTES landscapes, indicating a
potential for changes in atmospheric chemistry associated
with climate-driven changes in land cover in this region (e.g.,
the conversion of a beech forest to a Mediterranean shrub-
land due to a drying climate). Conﬁdence in this predicted
emission change is limited by a lack of landscape-scale mea-
surements to evaluate the model predictions of these dif-
ferences. In this manuscript, we describe the implementa-
tion and evaluation of a short-term approach for surveys of
landscape-scale isoprene, monoterpenes, and several oxy-
genated volatile organic compounds emissions from the four
MONTES landscapes. The approach includes two indepen-
dent tethered-balloon-based ﬂux measurement techniques:
mixed layer variance (MLV) and surface layer vertical gra-
dients (SLG). The ﬂux estimates are compared and used to
evaluate emissions estimated using intensive landscape in-
ventory estimates.
2 Experimental details
2.1 Site descriptions
The sites may be characterized as hilly (Montseny) to steep
and rugged (Garraf, Monegros, Prades) (see Peñuelas et al.
(2013) for vegetation details and topographical information).
Garraf (81% shrubland, 12% Pinus halepensis) and Mone-
gros (51% semi-desertic shrubland, 46% cropland) are more
sparsely vegetated. The Prades landscape is a Mediterranean
holm oak forest (42% Quercus ilex, 27% Pinus nigra, 14%
Pinus sylvestris, 5% Quercus pubescens), while Montseny is
covered by a temperate beech forest (80% Fagus sylvatica,
5% Quercus ilex)., The balloon launch sites for Garraf and
Monegros were clearings (∼25m diameter) near isolated
buildings. At Prades a narrow grassy terrace in the hill-
side (∼10m×25m) was used for balloon operations. In
Montseny, however, the balloon was launched from a large
grassy ﬁeld, approximately 50m×200m, surrounded by a
predominantly beech forest.
2.2 Tethered-balloon sampling using PTRMS
A 12m3 helium-ﬁlled blimp-shaped balloon (Blimpworks,
Statesville, NC, USA) was used to lift the inlet of a Teﬂon
sampling line (6.35mm outside diameter, 4.83mm inside di-
ameter) to altitudes up to 100m above the surface. The outlet
end of the Teﬂon line (ground level) was connected to a sam-
pling pump (model 1023-101Q-G605X, Gast Manufacturing
Co., Benton, MI, USA). Ambient air was pulled through the
inlet at various altitudes at a ﬂow rate of approximately 10L
per minute, controlled by a mass ﬂow meter just before the
inlet of the pump.
Real time methanol, acetaldehyde, acetone, acetic acid,
isoprene, and monoterpene measurements were performed
by means of a high-sensitivity proton-transfer-reaction
mass spectrometer with a quadrupole mass analyzer
(PTRMS-QMS, Ionicon Analytik GmbH, Innsbruck, Aus-
tria; Lindinger et al., 1998). The PTRMS was housed inside
an air-conditioned mobile caravan located a few meters away
from the balloon launch site. The PTRMS inlet was con-
nected with a tee in the balloon sampling line upstream of
the ﬂow controller and pump. Visual inspection conﬁrmed
that no condensation occurred in the heated inlet. Drift tube
pressure, temperature and voltage were typically maintained
at 0.22kPa, 50 ◦C and 580V, respectively, which gave a pri-
mary ion count in the range of 6−−8×106 ion counts per
second (cps). The sensitivity of the PTRMS for each atomic
massunitwasmeasuredontheﬁrstdayandatleastoncelater
at each site using a gas standard (Restek Corp, Bellafonte,
PA, USA), which contained aromatic compounds at a nomi-
nal concentration of 1ppmv each. For those compounds not
contained in the gas mixture, empirical sensitivities were cal-
culated based on the instrument-speciﬁc transmission char-
acteristics and individual ion–molecule reaction rates (Zhao
and Zhang, 2004). Individual terpenes are not distinguished
by the PTRMS technique; the total of terpenes observed was
estimated from the response of the instrument to α-Pinene.
The instrument background was monitored by sampling am-
bient air that had passed through a glass tube packed with
platinum on alumina catalyst heated to 400 ◦C to remove
volatile organic compound (VOCs).
Electricity to operate the instrumentation was supplied by
the local power grids.
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2.3 Meteorological measurements
Meteorological parameters (air temperature, relative humid-
ity, pressure (altitude), wind speed, and direction) were
recorded during all balloon deployments using a portable
weather station (Kestrel 4500; Nielsen-Kellerman, Booth-
wyn, PA, USA), attached 0.5m beneath the balloon. Sen-
sors for net radiation (REBs, model Q*7, Seattle, WA, USA)
and direct and diffuse photosynthetic radiation (Delta T De-
vices, model BF3, Cambridge, UK) were mounted on a
1m horizontal boom at the top of a 3m tripod. Turbu-
lent ﬂuxes of sensible and latent heat were measured by
eddy covariance with a 3-D sonic anemometer (RM Young,
model 81000V, Traverse City, MI, USA) and a Krypton hy-
grometer (Campbell Scientiﬁc, Model KH20, Logan, UT,
USA) atop the same tripod. The radiometers and hygrome-
ter signal outputs were integrated with the sonic anemome-
ter wind velocity and virtual temperature signals and then
logged at 10Hz with a laptop computer. Sensible heat ﬂuxes
were derived from the covariance between the vertical wind
velocity, w, and the sonic-derived virtual temperature, Ts.
Latent heat ﬂuxes were similarly derived from the covari-
ance of w with the fast ﬂuctuations in water vapor mea-
sured by the hygrometer. Prior to computation of the co-
variance, wind vectors were rotated to a set mean (Kaimal
and Finnigan, 1994). Water vapor ﬂuctuations were also cor-
rected for O2 absorption (ftp://ftp.campbellsci.com/pub/csl/
outgoing/uk/technotes/4-93mp_appa.pdf) and density cor-
rections due to temperature (Webb et al., 1980). Wind speed
and direction, along with turbulent moments such as the fric-
tion velocity, were also derived from the rotated wind veloc-
ities.
2.4 WRF-Chem model simulations
Several variables used in the estimation of ﬂuxes were de-
termined from regional numerical model simulations. These
included boundary layer height, sensible heat ﬂux, con-
vective velocity scale, stability conditions, etc. To quan-
tify these variables, we conducted a numerical simulation
using version 3.2 of the weather research and forecasting
(WRF) model with chemistry (WRF-Chem, Grell et al.,
2005) at a 30km spatial resolution over an extensive area
surrounding the measurement sites in Spain. WRF-Chem is
a meteorology–chemistry model developed collaboratively
among several groups including the National Center for At-
mospheric Research (NCAR) and the US National Oceanic
and Atmospheric Administration (NOAA). In this work,
we used the mass coordinate version of the model, Ad-
vanced Research WRF (ARW) (Skamarock et al., 2005).
The gas-phase chemical mechanism used is the Regional
Acid Deposition Model version 2 (RADM2) (Stockwell et
al., 1990). Anthropogenic emissions of NOx, SO2, VOCs,
PM2.5, and PM10 were taken from the global inventory–
Intercontinental Chemical Transport Experiment (Phase B)
(INTEX-B) inventory (Zhang et al., 2009). In addition,
the 2000 Reanalysis of Tropospheric Chemical Compo-
sition (RETRO) (http://retro.enes.org/index.shtml) database
was used when INTEX-B inventory data were not available.
Biogenic emissions were calculated online using the Model
of Emissions of Gases and Aerosols from Nature (MEGAN)
biogenic emissions module, version 2.04 (Guenther et al.,
2006) in the WRF-Chem model. We used the dry deposition
for trace gases based on a surface resistance parameterization
developed by Wesely (1989). Other parameterizations used
in the simulations include a microphysics scheme (Lin et al.,
1983), an ensemble cumulus parameterization scheme (Grell
and Devenyi, 2002), the Yonsei University planetary bound-
ary layer (PBL) scheme (Hong and Pan, 1996), the God-
dard shortwave radiative transfer model (Chou and Suarez,
1994),theRapidRadiativeTransferModelLongwaveRadia-
tion scheme (Mlawer et al., 1997), and the Noah land surface
model (Chen et al., 1997). The global 1-degree NCEP (Na-
tional Centers for Environmental Prediction) Final Analyses
(FNL) data were used for initial and boundary conditions
for meteorology. A 1-month (July 2010) simulation cover-
ing the measurement period was conducted. We used the ini-
tial and boundary conditions for the chemical species similar
to the one used in Jiang et al. (2008). To minimize the ef-
fect of initial conditions on model results, we followed the
method used in Jiang et al. (2008) to include 2 additional
days (29 and 30 June) in the simulation to spin-up the initial
conditions for atmospheric concentrations of several differ-
ent emitted species.
2.5 Flux estimate techniques
2.5.1 Mixed layer variance technique
In the atmospheric mixed boundary layer, turbulence from
sensible heat ﬂux is responsible for most of the vertical trans-
port (surface friction is negligible). We estimated landscape-
level ﬂuxes at the bottom of the mixed layer as
FluxC = 0.77σcw∗(z/zi)1/3, (1)
where σc, is the standard deviation of scalar C (con-
centration), w∗ is the convective velocity scale (w∗ =
((g/T)Hzi)1/3), g is acceleration due to gravity (9.8ms−2),
T is temperature (K), H is the sensible heat ﬂux, z is the
height at which the standard deviation measurement is made,
and zi is the height of the boundary layer at the time of the
measurement (Lenschow, 1995). The direction of the ﬂux
was determined from the slope of the gradient of concen-
tration in the surface layer (see below).
Boundary layer heights were not measured during the ex-
periment; these were taken from the WRF model and are
presented in Fig. 1. Sensible heat ﬂux (H) was measured us-
ing a sonic anemometer deployed at each site. For Garraf
and Monegros, the canopy of the shrubland vegetation was
lower than the height of the sonic anemometer, which was
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Figure 1. Boundary layer heights (m) computed by the WRF model
for the days of sampling at the four landscapes studied.
situated within an undisturbed fetch in the landscape. For
Prades, the sonic anemometer was located in a grassy clear-
ing of a mostly closed canopy forest (canopy height ∼10m);
in Montseny, the sonic anemometer was erected in a large
meadow surrounded by beech forest (canopy height ∼15m).
The measured sensible heat ﬂuxes observed were compared
with those derived from the WRF (Fig. 2). The H value
derived from observations in Prades and Montseny (where
the location of the sonic anemometer was below the canopy
height and so not representative of the landscape average)
does not agree with the landscape-scale sensible heat ﬂux es-
timated by the model. For Garraf and Monegros, where the
observations were made in a more representative fetch, there
was good agreement between model and observations. It was
consequently decided to use the model calculated H for all
sitestocalculatetheconvectivevelocityscale(w∗).Thestan-
dard deviation for each VOC, σc, was calculated for each
1/2h period that the balloon sampling line was positioned
at a height of 100m; selected VOCs (methanol, acetone, iso-
prene, monoterpenes) were sequentially measured at 5Hz by
PTRMS; One second was required to measure the selected
ions for (33, 69 and 81, respectively, as well as the ﬁrst two
water ions at 21 and 39m/z).
The MLV technique does not indicate the direction of the
ﬂux during the time of the calculation. The direction was
given by the alternate surface gradient proﬁles. Excepting the
need for the direction of the ﬂux, the MLV measurements
may be made continuously for many hours.
2.5.2 Surface layer gradient technique
The same measurement system used for the mixed layer
variance technique was also used for the surface layer
gradient approach. For this measurement, the balloon was
raised sequentially to altitudes 5, 20, 40, 60, 80, and
100m and then returned to the surface in the reverse or-
der. The balloon was held at each altitude for 10min,
during which time the PTRMS was used to measure
the protonated masses of methanol (m/z33), acetaldehyde
Figure 2. Comparison of the sensible heat ﬂux (mdegKs−1) mea-
suredateachsitewiththatcalculatedbytheWRFmodel.ForGarraf
and Monegros, the measurements were made above the low shrub
vegetation; for Prades and Montseny, the ﬂux was measured in a
clearing below the canopy within a forest landscape. Agreement
was very good where the measurement fetch was similar to the sur-
rounding landscape (Garraf and Monegros).
(m/z45), acetone (m/z59), acetic acid (m/z61), isoprene
(m/z69), and monoterpenes (m/z81, 137); each of these
VOCs have biogenic emission sources).
A logarithmic curve was ﬁtted to the gradient measure-
ments. Where the curve ﬁt was judged in good agreement
with the logarithmic ﬁt (on the basis of a subjectively im-
posed Pearson’s correlation coefﬁcient of r2 >0.5), the pro-
ﬁle was used in a subsequent gradient-ﬂux calculation.
Edwards et al. (2005) present an expression to calculated
gradient ﬂuxes for non-neutral atmospheric stability condi-
tion (most commonly experienced in this study):
Flux = u∗·k·(C2−C1)/(ln((z2−d)/(z1−d)−92+91), (2)
where u∗ is the friction velocity, k is the von Karman con-
stant (0.4), C1 and C2 are the scalar concentrations at heights
z1 and z2, d is the displacement height, and 91 and 92 are
deﬁned for the stability conditions as
9 = −4.7·(z−d)/L for stable conditions, (3)
9 = 0 for neutral conditions, and (4)
9 = 2·ln((1+x2)/2),
with x = (1−15·(z−d)/L)0.25 (5)
for unstable conditions and
L (the Monin–Obukhov length) =
−(u∗3·T ·ρ ·Cp)/(k ·g ·H). (6)
In Eq. (6), T is atmospheric temperature, ρ is the air density,
Cp is the speciﬁc heat of air, g is the acceleration due to
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gravity (9.8ms−2), k is the von Karman constant, and H is
the sensible heat ﬂux. Fortunately, L is an output of the WRF
model calculation and its sign (+ or −) indicates stable and
unstablestabilityconditions,respectively.Also,d z forthe
balloon proﬁles.
Not all proﬁles produced an acceptable logarithmic ﬁt.
This was likely a consequence of the complexity of the ter-
rain, the non-uniform distribution of vegetation and the short
sampling time. Calculations showed that for most proﬁles,
the 100m sample was collected within the surface, constant-
ﬂux layer.
2.5.3 MEGAN biogenic emission model with
site-speciﬁc emission-capacity observations
An estimate of landscape emissions was also produced using
in an inventory approach. The canopy-scale MEGAN emis-
sion factors used for this approach were based on leaf and
branch-scale emission measurements (Llusia et al., 2013)
that were extrapolated to the canopy-scale using site-speciﬁc
land cover data and the MEGAN canopy environment model.
MEGAN includes light, temperature, leaf age, and leaf area
index controls over the emissions of isoprene and other bio-
genic emissions. The details of the estimation with MEGAN
were described in Peñuelas et al. (2013).
3 Results and discussion
Figure 3a and b presents the ﬂux estimate comparison of
the three techniques for the four sites visited in July 2010.
Displayed are estimates made for isoprene and the total of
monoterpenes. Only isoprene, monoterpenes, and methanol
were measured by the mixed layer variance technique and,
therefore, allow the direct comparison with the gradient tech-
nique; the inventory technique did not consider methanol
emissions.
Fluxes were also computed from the gradients of several
oxygenated VOCs. In the case of methanol, estimates of
emissions were calculated from both the gradient and vari-
ance techniques and are shown in Fig. 4. Acetaldehyde, ace-
tone, and acetic acid were not measured during the 30min
MLV experiments. Their ﬂuxes were computed only by the
gradient techniques and are shown in Table 1 along with the
ﬂuxes of other VOCs from the SLG technique. Fluxes of
methanol, acetic acid, isoprene, and terpenes were typically
upward from the surface.
Uncertainties in the ﬂuxes were estimated for each tech-
nique. For the MEGAN inventory technique, only the major
species were included in the ﬂux estimation; these comprised
more than 75% of the leaf biomass of the area surveyed in
Montseny and Prades, but less than 25% in Garraf and Mon-
egros, where vegetation is not characterized by one or a few
dominant species. For Garraf and Monegros, it was assumed
Figure 3. Comparison of the estimates of the MEGAN model with
the surface layer gradient and the mixed layer variance techniques
for the ﬂuxes of (a) monoterpenes and (b) isoprene.
that the remaining species emitted, on average, at rates simi-
lar to the species studied.
Emission estimates were based on the emission capac-
ity of a few individual leaves of major species. Signiﬁcant
variability of the emission capacity among leaves and in-
dividuals of a species has been recognized. In the case of
isoprene-emitting oaks, the standard deviation of emission
capacities was typically around 30% of the mean value mea-
sured (Geron et al., 2001). Isoprene, however, is not stored
in the leaves, but is emitted soon after it is produced. For
monoterpene-emitting species, where the terpenes may be
stored in the leaves or needles, uncertainties are often much
higher due to disturbance of the storage structures during the
measurement (Niinemets et al., 2011).
The extrapolation of the emissions from the leaf-level to
landscape-level emissions includes other uncertainties. The
major environmental variables of light and temperature are
included in the extrapolation; the dependence of the emis-
sions on these variables was observed only for the major
species identiﬁed in the study areas (Llusia et al., 2013).
Other important variables, such as insect or wind distur-
bance, water stress, etc., were not noted, but could have sig-
niﬁcant inﬂuence on emissions. Guenther (2013) assessed
the uncertainties associated with biogenic VOC emission
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Table 1. Daytime (09:00–17:00LT) ﬂuxes of several VOCs estimated from the gradient technique (µgm−2 h−1). Negative values indicate
deposition to the surface; positive values indicate emission from the surface. Quarters Q1 and Q3 are the limits of interquartile ranges of the
estimates from the gradients (Q2 is the median value). The fraction of the measured proﬁles that provided an acceptable logarithmic curve
ﬁt (r2 >0.5) and were subsequently used in the gradient ﬂux calculation is shown (Q2 is the median value, bold).
acetic
methanol acetaldehyde acetone acid isoprene terpene
Garaff Q1 500 −2400 500 1300 −2000 400
Q2 1050 −1800 650 1750 1350 1350
Q3 1400 −1550 3650 2950 1950 1700
f 4/8 3/8 6/8 5/8 4/8 3/8
Monegros Q1 2100 a 350 −1000 b b
Q2 2250 384 450 100 b b
Q3 2500 a 500 1750 b b
f 3/11 1/11 5/11 6/11 0/6 0/6
Prades Q1 250 600 400 1100 1950 400
Q2 2050 1100 1100 2100 4050 700
Q3 2250 1250 2400 4900 5150 1050
f 3/8 4/8 6/8 6/8 4/8 6/8
Montseny Q1 −600 −1000 2050 2950 −1450 −500
Q2 250 −800 2600 5600 1050 550
Q3 2050 1800 6200 6600 5600 950
f 4/8 3/8 6/8 4/8 4/8 4/8
a one value; b no determination; f: proﬁles used in calculation/total proﬁles.
Figure 4. Comparison of the ﬂuxes of methanol estimated by the
surface layer gradient and the mixed layer variance techniques.
estimates and noted that it is difﬁcult to quantify the un-
certainty of the inventory estimate. Previous studies that
assign uncertainties of a factor of 2 or more (Lamb et al.,
1987) and comparisons with above-canopy ﬂux measure-
ments and inverse modeling using satellite observations in-
dicate that isoprene ﬂuxes tend to be within about 50%, al-
though there are exceptions (Guenther, 2013). While con-
siderable uncertainties are associated with driving variables
(e.g., weather conditions and vegetation type and cover frac-
tion) and emission response to these variables, the largest
uncertainty is associated with the emission rate associated
with different vegetation types. While there are some general
patterns that have been observed, such as shrublands having
higher monoterpene emissions than grasslands and broadleaf
trees having higher isoprene emissions than needle-leaf trees,
there are also many important exceptions, and measurements
are required to quantify landscape average emission factors
that are representative of major vegetation types within a
modeling domain. There are few observations of landscape-
scale emission factors due to the considerable expense and
effort associated with the measurement approaches that have
previously been applied.
The MLV method had some signiﬁcant errors. The height
of the balloon during the standard deviation measurements
varied as much as 20% below the maximum (usually 100m)
as a result of strong, occasional downward eddies. Also,
ﬂow through the balloon sampling tube to the mass spec-
trometer was not completely turbulent (Reynolds number
∼1600 vs. >2500 for turbulent ﬂow). Consequently, the
standard deviation contribution from the smallest eddies was
probably excluded; this may result in a small underestima-
tion of the ﬂux (Lenschow and Raupach, 1991; Massman,
1991). The launch site for the balloon proﬁles was nec-
essarily located in a clearing in the landscapes; the clear-
ing may have represented a signiﬁcant fraction of the foot-
print of the measurements; this suggests that the resulting
ﬂuxes may be underestimated. Uncertainties associated with
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non-uniform species distribution and complex terrain were
not determined. Although VOC emissions advected from dif-
ferent wind sectors may have been signiﬁcantly different, the
emission estimates, on average, were assumed to be repre-
sentative of the extended landscape.
Calibrations of the PTRMS were performed several times
each day and were estimated to be on the order of 10%. The
uncertainty of the MLV estimates was also set at a factor of
2 to compare with the MEGAN estimate uncertainty.
The surface layer gradient technique requires an estima-
tion of eddy transport from an expression derived for a ﬂat,
uniform surface, which was not the case here. However, for
those proﬁles where a logarithmic ﬁt of the data for each
VOC gave a correlation coefﬁcient (r2) greater than 50%,
ﬂuxes were computed according to the SLG expressions
(Eqs. 2–6). The sampling time at each level (10min) was
considerably less than the scale of the largest eddies in the
boundary layer (∼30min), which may be partially responsi-
ble for curve ﬁts of lower quality. Again, uncertainties asso-
ciated with vegetation distribution and topography were not
estimated. The uncertainty of the surface layer gradient ﬂux
estimate was also set at a factor of 2 to compare with the
MLV and MEGAN approaches.
Comparison of the results of the SLG, MLV, and inven-
tory techniques are shown in Figs. 3a, b, and 4. Although the
inventory results (MEGAN) are calculated over the 24h pe-
riod, the results are biased by the incomplete determination
of species distribution and, consequently, may not accurately
represent landscape-level emissions. There does not seem to
be a bias, high or low, between the MLV and the SLG tech-
niques. There were more determinations for the MLV tech-
nique, where results were estimated for most 1/2h periods.
AsigniﬁcantpercentageofSLGproﬁleswerenotusedtocal-
culate ﬂuxes since the curve ﬁt for individual proﬁles showed
a poor correlation with the data. The estimated uncertainties
of each of the techniques that are compared in the ﬁgures are
on the order of a factor of 2. This is, however, similar to or
smaller than uncertainties of emission capacities for individ-
ual species and landscapes often cited in the literature. There
was agreement among the methods, within the uncertainties
estimated, in many comparisons. It is assumed that a com-
parison of the techniques in a landscape with a horizontally
homogeneous distribution of vegetation would produce bet-
ter agreement.
The SLG technique allowed the estimation of the ﬂuxes
of additional VOCs. The MLV technique requires a high fre-
quency measurement of individual ions, which restricted the
number of VOCs that could be included. Table 1 shows the
median, as well as the limits, of the central 50% of day-
time (09:00 to 17:00LT) ﬂuxes computed for several VOCs.
Isoprene and monoterpenes, as well as acetic acid, were al-
ways emitted from the landscapes of all sites during the day-
time. However, there several occasions when deposition of
isoprene and monoterpenes occurred; during those periods
both isoprene and terpenes simultaneously were deposited.
However, the conditions inﬂuencing the deposition were not
observed. Emission or deposition of other BVOCs varied
among the sites.
4 Conclusions
Tethered-balloon PTRMS sampling techniques (mixed layer
variance, and surface layer gradient) provided characteriza-
tion of landscape-scale estimates of isoprene, monoterpene,
and several other BVOC emissions that were within a fac-
tor of two, at the four sites studied, for the two independent
techniques. This was within the uncertainty of the measure-
ments and indicates reasonable agreement between the two
techniques.
Comparison with the inventory technique, which em-
ployed site-speciﬁc leaf and branch enclosure measurements
and biomass data and the MEGAN model to adjust for envi-
ronmental inﬂuences, often differed by as much as a factor
of 2 in comparison with the balloon-PTRMS technique esti-
mates.UsingtheseobservationstoconstrainBVOCemission
factors would result in signiﬁcant changes in model emis-
sions, suggesting lower isoprene and higher monoterpenes
from the Garraf shrubland, lower isoprene and monoterpenes
from the Prades oak forest, and lower monoterpenes from the
Monegros shrubland and Montseny beech forest.
Although the theory for the mixed layer variance and
surface layer gradient ﬂux formulations assumes a homo-
geneous species distribution within a horizontal landscape,
which was not the case at these sites, these results sug-
gest that this approach can provide a reasonable estimate of
landscape-scale emissions that is useful for parameterizing
emission models. For example, this approach was used for
this study to characterize four different landscapes within a
3-week period. The tethered-balloon PTRMS sampling ap-
proacheliminatestheneedtoerectandinstrumenttowersand
is readily portable. It is also considerably less laborious than
the inventory technique, which requires identiﬁcation and
quantiﬁcation of emitting species and the determination of
the environmental dependence of the independent variables
that affect emissions. This is especially true in a biologi-
callydiverselandscape.Inaddition,theﬂuxesofseveraloxy-
genated VOCs, difﬁcult to measure using stored samples and
chromatographic techniques, can be more easily quantiﬁed.
Consequently, we conclude that a tethered-balloon PTRMS
sampling approach using the mixed layer variance and the
surface layer gradient techniques may be suitable for survey-
ing over a relatively short time period in most locations and
could increase the availability of observed landscape-scale
emission factors for parameterizing biogenic emission mod-
els for the many landscapes where few or no emission mea-
surements have been made.
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